RJ, Ford SP, Nathanielsz PW, Du M. Enhanced transforming growth factor-␤ signaling and fibrogenesis in ovine fetal skeletal muscle of obese dams at late gestation. Am J Physiol Endocrinol Metab 298: E1254-E1260, 2010. First published April 6, 2010; doi:10.1152/ajpendo.00015.2010.-Maternal obesity (MO) is increasing at an alarming rate. The objective of this study was to evaluate the effect of MO on fibrogenesis in fetal skeletal muscle during maturation in late gestation. Nonpregnant ewes were assigned to a control diet (Con; fed 100% of NRC nutrient recommendations, n ϭ 6) or obesogenic diet (OB; fed 150% of NRC recommendations, n ϭ 6) from 60 days before conception, and fetal semitendenosus (St) muscle was sampled at 135 days of gestation (term 148 days). Total concentration and area of collagen in cross-sections of muscle increased by 27.0 Ϯ 6.0 (P Ͻ 0.05) and 105.1 Ϯ 5.9% (P ϭ 0.05) in OB compared with Con fetuses. The expression of precursor TGF-␤ was 177.3 Ϯ 47.6% higher, and concentration of phospho-p38 74.7 Ϯ 23.6% was higher (P Ͻ 0.05) in OB than in CON fetal muscle. Increases of 327.9 Ϯ 168.0 (P Ͻ 0.05) and 188.9 Ϯ 82.1% (P Ͻ 0.05), respectively, were observed for mRNA expression of Smad7 and fibronectin in OB compared with Con muscles. In addition, enzymes involved in collagen synthesis, including lysyl oxidase, lysyl hydroxylase 2b, and prolyl 4-hydroxylase-␣1, were increased by 350.2 Ϯ 90.0 (P Ͻ 0.05), 236.5 Ϯ 25.2 (P Ͻ 0.05), and 82.0 Ϯ 36.2% (P ϭ 0.05), respectively, in OB muscle. In conclusion, MO-enhanced fibrogenesis in fetal muscle in late gestation was associated with upregulation of the TGF-␤/p38 signaling pathway. Enhanced fibrogenesis at such an early stage of development is expected to negatively affect the properties of offspring muscle because muscle fibrosis is a hallmark of aging.
of its basal activity and as well as contractile activity during locomotion. In precocial mammals, which include humans and sheep, fetal life is crucial for skeletal muscle development because there is no net increase in muscle fiber numbers after birth (44) . Thus, reduction of prenatal muscle fiber number has irreversible effects on later postnatal life (2) . Due to its metabolic importance, impaired fetal skeletal muscle development is considered to play a key role in the influence of MO on progeny obesity (2, 3, 51) .
During fetal skeletal muscle development, mesenchymal stem cells differentiate into myogenic cells, adipogenic cells, and fibroblasts. Fibrogenesis forms the endomysium, perimysium, and epimysium of fetal skeletal muscle (13) . In addition, fibrogenesis forms the extracellular matrix that provides the environmental niche for differentiation of mesenchymal stem cells (9) . Limited studies indicate that maternal nutrition affects fibrogenesis in skeletal muscle. Maternal nutrient restriction in swine increases collagen content in skeletal muscle in offspring (27) . Because skeletal muscle fibrosis impairs muscle function and is a hallmark of aging (7) , more studies on the association among maternal nutrition, fibrogenesis, and collagen accumulation in fetal muscle are needed.
Transforming growth factor-␤ (TGF␤) promotes pathological fibrosis via activation of the Smad signaling pathway (12, 21) . p38 promotes TGF␤, and its activation is necessary for fibrosis (19, 33) . Fibrosis occurs in response to inflammation, and we have reported an increase in inflammatory markers in skeletal muscle of fetuses of obese ewes (51) . We hypothesize that inflammation associated with MO promotes fibrogenesis in fetal muscle via TGF␤ and p38-mediated signaling pathways. Fetal skeletal muscle in sheep matures at late gestation (after 105 days of gestation) (13) , and thus changes in fetal muscle at this stage are likely to have long-term effects on the properties of offspring muscle. The objective of the current study was to assess the effect of MO on TGF␤ signaling and fibrogenesis in fetal muscle in late gestation.
MATERIALS AND METHODS
Care and use of animals. All animal procedures were approved by the University of Wyoming Animal Care and Use Committee. Multiparous Rambouillet/Columbia cross ewes (3-4 yr of age with 2-3 previous pregnancies) were studied. Ewes were all mated with a single ram. Beginning 60 days before conception and continuing to the day of necropsy (1st day of mating ϭ day 0), ewes were individually fed either a highly palatable diet at 100% of National Research Council (NRC) recommendations for energy (Con; n ϭ 6) (38) or 150% of NRC's recommended energy requirements for early gestation (OB; n ϭ 6). Ewes were housed in individual pens within a temperature-controlled room (ϳ20°C). All ewes were weighed at weekly intervals, and rations were adjusted for weekly changes in metabolic body weight (BW 0.75 ) (15) . Body condition was scored at monthly intervals to evaluate changes in fatness. A body condition score of 1 (emaciated) to 9 (obese) was assigned by two trained observers after palpation of the transverse and vertical processes of the lumbar vertebrae (L2 through L5) and the region around the tail head (16) . The maternal body weight and body condition scores were reported previously and are shown in Table 1 (51). Immediately before necropsy on day 135 of gestation, ewes were weighed and sedated with intravenous ketamine (10 mg/kg), and general anesthesia was induced and maintained by isofluorane inhalation (1-2%). Ewes and fetuses were exsanguinated while under general anesthesia and fetuses quickly removed. No difference in body weight was observed between twins, so only one fetus of each twin pair was chosen at random for analysis. Fetal muscle from four ewes with twin fetuses and two ewes with singletons was analyzed for each treatment; each group had three male and three female fetuses. No difference was observed in measured fetal, organ, or tissue weights between male and female fetuses. Fetal semitendenosus (St) muscle samples from the left side were analyzed. Surface tissues were trimmed; one piece of muscle was sampled at the anatomic center of the muscle and snap-frozen in liquid nitrogen for biological analyses, and another piece was fixed in fresh paraformaldehyde before being embedded in paraffin. These tissues have been used in a previous study, and the fetal weight and St muscle weight are shown in Table 1 drated by a series of incubations in xylene and ethanol solutions and then treated with Masson Trichrome stain (18) , which stains muscle fibers red, nuclei black, and collagen blue. Ten fields per sample were randomly selected for the quantification of collagen using Image J 1.30v software (National Institutes of Health). The area of collagen was expressed as the percentage of total view areas.
Collagen concentration analyses. St muscle samples (0.1 g) were ground and dried in a convection oven at 60°C, and samples were weighed and hydrolyzed in 6 N HCl at 105°C for 16 h. An aliquot was removed for hydroxyproline determination, as described previously (50) . Collagen concentration (mg/g dry muscle weight) was calculated assuming collagen weighs 7.25 times the measured weight of hydroxyproline (55) .
Real-time quantitative PCR. Total mRNA was extracted from the fetal St muscle using TRI reagent (Sigma, St. Louis, MO) and reverse transcribed into cDNA by using a kit (Qiagen, Valencia, CA). RT-PCR was performed using an iQ5 RT-PCR detection system (Bio-Rad Laboratories, Hercules, CA). A SYBR Green RT-PCR kit from Bio-Rad Laboratories was used along with the following primers: Ovis aries Smad7, forward 5=-GCAGCAGTTACCCCATCTTC-3= and reverse 5=-GGCTGTACGCCTTCTCGTAG-3=; Ovis aries fibronectin, forward 5=-GGATGATGCCGCTCAGTATT-3= and reverse 5=-GGGCCAGACAGTTAAGTGAA-3=; ovis aries collagen type I, forward 5=-GGTGACAGGAAGTCCCAGAA-3= and reverse 5=-CTGTAGGTGAAGCGGCTGTT-3=; Ovis aries lysyl hydroxylase 2b (LH2b), forward 5=-ATGCCAATCAGGAGGATCTG-3= and reverse 5=-CAGGTAGCGTTTCCCAATGT-3=; Ovis aries lysyl oxidase, forward 5=-AGCTCAGCATACAGGGGAGA-3= and reverse 5=-CATCCATGCTGTGGTAATGC-3=; Ovis aries prolyl 4-hydroxylase ␣-subunit (P4HA), forward 5=-GATAAGGCGCTTTTGCT-CAC-3= and reverse 5=-ATCCACAGCAGCACCTTTCT-3=; tubulin, forward 5=-CGAGAGCTGTGACTGTCTGC-3= and reverse 5=-GGCATGACGCTAAAGGTGTT-3=. Each reaction yielded amplicons between 80 and 200 bp. PCR conditions were as follows: 20 s at 95°C, 20 s at 56°C, and 20 s at 72°C for 35 cycles. After amplification, a melting curve (0.01 C/s) was used to confirm product purity, and the PCR products were electrophoresed to confirm the targeted sizes. Results are expressed relative to tubulin.
Western blot analysis. Muscle samples were washed with PBS and lysed in a buffer containing 50 mM HEPES (pH 7.4), 2% SDS, 1% NP-40, 10% glycerol, 2 mM phenylmethylsulfonyl fluoride, 10 mM sodium pyrophosphate, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 2 mM Na 3VO4, and 100 mM NaF. Soluble proteins were recovered after a 10-min centrifugation (10,000 g), and their concentrations were determined according to the Bradford method (Bio-Rad Laboratories) (19) . For the subcellular fractionation, nuclear and cytoplasmic extracts from muscle samples were prepared using a Nuclear Extract Kit (Active Motif, Carlsbad, CA), following the instructions by the manufacturer. Proteins in cell lysates were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Subsequently, the membranes were treated with blocking buffer (5% nonfat dry milk in Tris-buffered saline-Tween 20 buffer containing 150 mM NaCl, 10 mM Tris, pH 8.0, and 0.1% Tween 20) for 1 h. The blocked membranes were probed with primary antibodies and incubated further with a secondary antibody conjugated with horseradish peroxidase. Membranes were visualized using enhanced chemiluminescence Western blotting reagents (Amersham Bioscience, Piscataway, NJ) and exposure to film (MR; Kodak, Rochester, NY). Density of bands was quantified by using Imager Scanner II and ImageQuant TL softwares (Amersham Bioscience). Band density was normalized according to the tubulin content.
Electrophoretic mobility shift assay. DNA-binding assays were performed, following the instruction of a kit (LightShift Chemiluminescent EMSA Kit, product no. 20148; Pierce, Rockford, IL). The following oligonucleotide sequences were used as probes in gel shift assays: SBE, forward 5=-GGAGTATGTCTAGACTGA-CAATGTAC-3= and reverse 5=-GTACATTGTCAGTCTAGA-CATACTCC-3= (53) . Briefly, oligonucleotides were biotin labeled using the Biotin 3=-End DNA Labeling Kit (product no. 89818; Pierce), and then biotin-labeled oligonucleotides were heat treated at 90 -95°C for 3 min, followed by rapid cooling on ice and addition of a nonspecific competitor, poly(dI·dC), and then the solutions were subjected to electrophoresis in native polyacrylamide gel. The DNA was then electroblotted at 380 mA for 60 min to a positively charged nylon membrane (Biodyne B Membrane) in a MiniProtean II electroblotter (Bio-Rad Laboratories) using 0.5ϫ TBE buffer (450 mM Tris, 450 mM boric acid, and 10 mM EDTA, pH 8.3). The DNA was cross-linked to the membrane by 312 nm of ultraviolet radiation for 10 min. After washing, the membrane was incubated in chemiluminenscent solution, and bands were visualized by exposure to X-ray film.
Statistical analyses. Statistical analyses were conducted following protocols used in our previous studies with sheep (54) . Briefly, one fetus from each pregnant ewe was considered an experimental unit. Data were analyzed as a complete randomized design using a general linear model. Differences in mean values were compared by Tukey's multiple comparison test, and means Ϯ SE are reported. Statistical significance was considered as P Ͻ 0.05.
RESULTS

Collagen content in OB and Con fetal muscle.
More collagen was detected histochemically in fetal muscle from OB ewes than from Con ewes (Fig. 1, A-C) . Total collagen area was 105.1 Ϯ 5.9% (P ϭ 0.05) higher in OB fetal muscle compared with controls (Fig. 1C) . Collagen as a function of hydroxyproline concentration increased by 27.0 Ϯ 6.0% (P Ͻ 0.05) in OB fetal muscle compared with controls (Fig. 1D) .
TGF␤ signaling pathway. Protein content for precursor TGF␤ was 177.3 Ϯ 47.6% higher (P Ͻ 0.05) in fetal muscle taken from OB mothers compared with that of Con mothers ( Fig.  2A ) whereas no differences were observed in Smad2/3 and their phosphorylation between Con and OB groups (Fig. 2B) .
No difference in total p38 protein concentration was observed between OB and Con fetal muscle (Fig. 3) . However, p38 phosphorylation was 74.7 Ϯ 23.6% higher (P Ͻ 0.05) in fetal muscle in the OB group. The phospho-p38/p38 ratio was also higher (83.2 Ϯ 20.4%, P Ͻ 0.05) in OB compared with Con fetal muscle (Fig. 3) . mRNA expression of TGF␤ target genes. Smad7, fibronectin, and collagen mRNA expression were measured by RT-PCR (Fig. 4A) . Fetal muscle mRNA expression of Smad7 and fibronectin in the OB group was increased 327.9 Ϯ 168.0 (P Ͻ 0.05) and 188.9 Ϯ 82.1% (P Ͻ 0.05), respectively, compared with Con. Furthermore, procollagen type I mRNA expression was 121.3 Ϯ 67.8% higher (P ϭ 0.08) in OB than in Con fetal muscle.
To determine whether such enhancement in the expression of TGF␤ target genes was due to the increased Smad-mediated gene transcription, the nucleoproteins were extracted and subjected to an electrophoretic mobility shift assay using a DNA fragment corresponding to the Smad response element. Samples from OB fetal muscle had 104.5 Ϯ 20.7% (P Ͻ 0.05) more DNA shift than Con samples (Fig. 4B) .
Enzymes catalyzing collagen synthesis and cross-linking. Lysyl oxidase, LH2b, and P4HA were increased by 350.2% Ϯ 90.0 (P Ͻ 0.05), 236. 5 Ϯ 25.2 (P Ͻ 0.05), and 82.0 Ϯ 36.2% (P ϭ 0.05), respectively, in fetal muscle from OB compared with Con ewes (Fig. 5) .
DISCUSSION
Since sheep usually deliver one or two precocial young, the pregnant sheep is one of the most frequently used models for understanding fetal changes that take place in human pregnancy (1, 6, 11, 24, 36, 42) . We have reported previously that MO induced inflammation in fetal skeletal muscle, demonstrated by upregulation of nuclear factor -light chain enhancer of activated B cells (NF-B) and c-Jun NH 2 -terminal kinase (JNK) pathways (45, 51) . TGF␤ signaling is activated during muscle injury and inflammation (43) . During myopathy, inflammation induces the expression of TGF␤, which then leads to connective tissue expansion during muscle regeneration (10, 41) . We analyzed TGF␤ and the phosphorylation of key downstream signaling mediators in fetal muscle at late gestation. However, no difference in Smad2/3 phosphorylation at Ser 423/425 was observed. The absence of any change in Smad2/3 Ser 423/425 phosphorylation could be due to feedback inhibition since it is known that the TGF␤-targeted gene Smad7 downregulates TGF␤ signaling (22, 48) . Indeed, a dramatic increase in Smad7 expression in OB fetal muscle was observed. Expression of Smad7 is induced by inflammation via the JNK cascade (46), and we have previously reported activation of the JNK cascade in OB fetal muscle (45) . Smad7 binds to the TGF␤ receptor, preventing binding and phosphorylation of Smad2/3 at Ser 423/425 , thereby downregulating TGF␤/Smad signaling (31) . Smad7 also has an antiinflammatory effect in chronic kidney diseases when it blocks the NF-B-dependent inflammatory pathway (31) . A similar effect might be responsible for the downregulation of inflammatory response in OB fetal muscle in late gestation compared with midgestation (45, 51) . Despite this critical role of Smad7 as a negative regulator of TGF␤ type I receptor for Smad2/3 activation, recent evidence illustrates the importance of Smad7 as an organizer of additional signaling proteins around the TGF␤ type I receptor, which leads to activation of p38 (15), a kinase essential for Smad-dependent gene transcription (14) . p38 phosphorylates Smad3 at Ser 203 and Ser 207 residues, which are required for the full transactivation potential of Smad3 (26) . TGF␤ receptor-activated p38 MAP kinase mediates TGF␤ responses (52) , and inhibition of p38 abolishes TGF␤ response (35) . In this study, enhanced p38 phosphorylation was detected in OB fetal muscle at late gestation, which should be responsible for the increased TGF␤-induced gene expression at late gestation. The combined effect of Smad7 and p38 activation is expected to gradually downregulate TGF␤ signaling but prolong the expression of genes mediated by Smad3.
To analyze whether there is a change in TGF␤-induced gene expression, we used an electrophoretic mobility shift assay to analyze the binding of Smads to the conserved Smad binding element (GTCTAGAC) (53) . Data showed that there was an increase of proteins binding to the Smadbinding element in OB fetal muscle, showing the enhancement of TGF␤-mediated gene expression.
Fibronectin and type I collagen are profibrotic genes regulated by TGF␤ signaling (28) , and their increased expression leads to fibrosis (18) . In this study, we observed that the expression of both fibronectin and type I collagen was upregulated in OB fetal muscle, which accords with the activation of TGF␤-dependent gene expression. The upregulation of fibronectin expression is also consistent with the inflammatory response in OB fetal muscle (51) . Inflammation promotes fibronectin expression through a NF-Bdependent mechanism (39) , and activation of NF-B in skeletal muscle leads to fibrosis (32) .
Collagen synthesis involves extensive intracellular and extracellular posttranslation modifications, including conversion of prolyl residues to hydroxyproline as well as widespread cross-linking. Synthesis of hydroxyprolyl residues is catalyzed by prolyl 4-hydroxylase (P4H). P4H has four subunits, of which the ␣-subunit is the catalytic subunit. The rate of ␣-subunit synthesis limits the rate of collagen synthesis (23, 29) . Therefore, we analyzed the mRNA expression of P4HA. Expression of P4HA was increased, consistent with the observed increased expression of fibronectin and type I collagen. LH2b and Lysyl oxidase are necessary for the formation of cross-links. LH2b is an LH isoform that hydroxylates selected lysyl residues intracellularly and ultimately promotes the formation of the trivalent cross-link hydroxylysylpyridoline in fibrotic tissues (47) . Lysyl oxidase deaminates selected lysyl and hydroxylysyl residues extracellularly and allows the crosslinking process to proceed (16) . The expression of both LH2b and lysyl oxidase was higher in OB fetal muscle. Hypoxia induces the expression of LH2b and P4HA, both of which are indispensible for collagen fibril formation (8, 25) . MO is likely to induce hypoxia in fetuses (17) , which might explain the enhanced expression of genes involved in collagen synthesis. The profibrotic cytokine TGF␤ promotes the expression of genes involved in collagen maturation and cross-linking (47) . The enhanced expression of enzymes and genes described here would help explain the increased accumulation of collagen in OB compared with Con fetal muscle. Our results are consistent with a previous observation that skeletal muscle in obese adults has a higher collagen content (5) .
Skeletal muscle constitutes about 40 -50% of body mass and is the main peripheral tissue responsive to insulin-stimulated uptake of glucose and fatty acids (45) . It is the only tissue responsible for locomotion. Poor cellular function in skeletal muscle, accompanied by decreased muscle mass, would likely enhance predisposition to related chronic disease conditions such as obesity and diabetes (20) . During aging, a progressive loss of muscle mass associated with increased adiposity and fibrosis occurs (7, 30) , resulting in the decline in muscle structural integrity and functional capacity (4) . In combination with our previous observation that MO promotes intramuscular adipogenesis (45, 51) , our observations indicate that MO induces changes in skeletal muscle at the early developmental stage that typically are not observed until later in life, predisposing offspring skeletal muscle to aging characterized by intramuscular adiposity and fibrosis. Such changes might impair skeletal muscle function earlier in life, providing a potential explanation for the increase in obesity and diabetes at a younger age in offspring of obese mothers.
In conclusion, our findings demonstrate that MO induces muscle fibrogenesis and connective tissue accumulation in the skeletal muscle of fetuses of obese mothers. TGF␤ and associated p38 signaling in fetal muscle were activated by MO, providing a potential mechanism that would account for the increased collagen accumulation in OB fetal muscle. 
